Abstract: Proteome analysis plays a key role in the elucidation of the functions and applications for numerous proteins. For proteome analyses, various microplate-and microarray-based techniques have been developed by a number of researchers. Their intent was to immobilize proteins on the surface of a solid substrate in a site-directed manner while retaining structure and native biological function. In this review, we focus on recent advances in immobilization methodology for proteins/enzymes on a surface, including those using the affinity peptides screened by random peptide library systems. We also discuss applications of the affinity peptide-mediated immobilization method in fields related to proteome analysis, particularly our recent work concerning immunoassay and protein-protein interaction analysis.
INTRODUCTION
During the past decade, the field of life sciences/biosciences has seen rapid and remarkable progress. A number of genomes of various organisms, including those of human beings, have been sequenced and analyzed. Hence, the focus of research is now shifting from genome analysis to proteome analysis, which could play an important role in revealing the functions of numerous gene products, i.e., proteins and peptides including the identification of protein-protein and protein-small molecule interactions. On the other hand, the findings obtained from the proteome analyses for various organisms, particularly those for human beings, could open the door to an effective utilization of various functions of proteins in such fields as screening/design of drugs, identification of causes of diseases and antibodies due to allergens, autoantigens, and pathogens, and diagnostics (Houseman, 2002; Kreutzberger, 2006; MacBeath, 2002; Pillutla et al., 2002) . For proteome analysis, various microplate-and microarray-based techniques have been developed by a number of researchers. In particular, microarray-based techniques are advancing the field of proteomics by providing miniaturized platforms for probing the interactions and functions of proteins (Auerbach et al., 2005; MacBeath, 2002; MacBeath and Screiber, 2000; Pillutla et al., 2002; Zhu and Snyder, 2003; Zhang et al., 2005) . To fully utilize the enormous potential of proteome analysis, however, two developments are Zoungrana, 1998; Rao et al., 1998; Sethuraman and Belfort, 2005; Zhu and Snyder, 2003) . The extent of the conformational change of proteins in their adsorbed state differs with the type of protein, the kinds/states of the surface including hydrophobicity/hydrophilicity, and with the environmental conditions, such as temperature, pH, and ionic strength of the solution. Proteins tend to lose their function upon adsorption even onto a polystyrene plate, which are frequently used for immunoassay (Butler et al., 1993; Hollander and KatchalskiKatzir, 1986; Kumada et al., 2007b) . Therefore, useful protein microarrays are generally more difficult to fabricate than are DNA microarrays.
To fabricate a microplate or microarray for proteome analysis, the establishment of a controlled immobilization method is requisite for the following: 1) a sufficiently strong and specific affinity of the proteins for the surface, 2) sitedirected immobilization, and, 3) preservation of the native conformation and biological function of proteins in their adsorbed states. Moreover, to yield the high signal to noise ratio needed for global proteome analysis, it is important for the fabrication of the microarray to allow for the immobilizing proteins in high densities in very small areas as well as in moisturized environments with sufficiently low nonspecific binding of other proteins (Zhu and Snyder, 2003) .
Most immobilization methods developed thus far involve modification or coating of the surface with appropriate substances to change the surface property and/or provide functional groups for the binding of protein (Zhu and Snyder, 2003) . On the other hand, immobilization of proteins on a bare surface with no modification utilizes specific interactions between the protein and the surface, which includes immobilization on the Au surface via thiol (sulfhydryl) groups and necessitates using an affinity peptide that is specific to the particular surface. Conceptual schemes for the various immobilization methods proposed thus far are shown in Fig. (1) , and their characteristics are briefly summarized in Table 1 .
Physical Adsorption and the Hydrogel-Mediated Immobilization Method
The most convenient method for protein immobilization would either be to attach the wild protein by physical adsorption (Fig. 1a) to a soft substrate, e.g., polystyrene, polyvinylidene fluoride (PVDF), or a nitrocellulose membrane, which has been used for traditional biochemical analyses such as immunoblot and phage display, or to attach the wild protein to a poly-Lys-coated glass plate (Ge, 2000; Haab et al., 2001; Zhu and Snyder, 2003) . Although this method does not require modification of proteins for immobilization, it has at least two disadvantages: proteins may be immobilized in random orientation fashion, and the effect of nonspecific adsorption is usually high. Furthermore, it would be difficult to achieve a suitable high-protein density on the surface. Although hydrophobicity of the coated slide is an important factor in maintaining the small size of the printed spots necessary for high-density arraying similar to a DNA chip (Haab et al., 2001; Michael and Brown, 1999) , proteins would be denatured upon adsorption on the surface, and the effect of non-specific adsorption of co-existing proteins would usually be high, which in turn would reduce the detection sensitivity. Hence, Sanghak et al., (2006) prepared patterned hydrophilic spots on the hydrophobic PPHMDSO (plasma polymerized hexamethyldisiloxane)-coated glass slide by oxygen plasma-treatment and showed that protein adsorption is performed only on the hydrophilic spots, which could prevent false positive results during detection. However, interaction between proteins and the hydrophilic surface would generally be weak unless an appropriate peptide tag that shows a high affinity for the surface is attached to protein molecules, as will be demonstrated later.
The amount of protein that can be immobilized on the surface of the solid substrate is usually low because of the limited two-dimensional space, which would decrease the detection sensitivity (Zhu and Snyder, 2003) . Furthermore, the immobilized protein would occasionally be denatured because of their dried state during operation/storage. To solve these problems, microarrays that use hydrogels or agarose thin films composed of three-dimensional hydrophilic polymeric networks have been proposed (Fig. 1b) . These could contain large quantities of water and thus preserve the protein in its native structure. Arenkov et al., (2000) reported the fabrication of arrays prepared by immobilizing proteins within 100x100x20-μm polyacrylamide gel pads, which were in turn attached to a glass slide surface. Kiyonaka et al., (2004) proposed a novel method for construction of a semiwet peptide or protein microarray using a supramolecular hydrogel composed of glycosylated amino acetate and in its aqueous cavities enzymes work well. The disadvantage of the immobilization method using hydrogels would be the difficulty of removing the unbound protein from the gel pads due to transport limitations.
Hisx6-tag Mediated Immobilization
The Hisx6-tag that shows a specific affinity to the Ni +2 , Co +2 or Cu +2 surface was originally developed as a tool for affinity purification of genetically modified proteins. The Hisx6-tag can be easily fused to the target protein using a commercially available tagging vector, and the corresponding fusion protein could be expressed in E. coli or yeast cells. Therefore, proteins are genetically fused with the Hisx6-tag, particularly when the N-or C-terminus of the protein is away from the active, or functional, site and immobilized usually on the Ni +2 -coated, or Ni +2 -chelated, surface (Fig. 1c) . Surfaces such as a glass plate deposited with Au (Nakaji-Hirabayashi et al., 2007; Vallina-García et al., 2007) , a maleic-anhydride-activated polystyrene plate (Paborsky et al., 1996) , or PEG-coated Si(III) (Cha et al., 2004 (Cha et al., , 2005 can be used, on which a chelate group, i.e., di-or trivalent carboxylic acids such as imidoacetic acid (IDA) and nitrotriacetic acid (NTA), is attached to form a self-assembled monolayer (SAM). The chelate group strongly binds to Ni +2 or Cu +2 via three or four binding sites, leaving three or two respectively vacant sites for coordination to imidazole groups of the tagged protein molecule (Cha et al., 2004) . For example, Cha et al., (2005) showed phenol sulfotransferase fused with Hisx6-tag at the C-terminus was site-specifically immobilized on a grafted silicon surface with a high-density PEG film coupled with iminodiacetic acid, which retained its native activity. PEG is thought to be one of the most inert chemical groups toward protein adsorption with minimal nonspecific adsorption (Harris and Zalipsky, 1992) . Zhu et al., (2001) printed 5,800 kinds of yeast proteins fused with GST tagged with Hisx6 at its C-terminus (GST-Hisx6) onto nickel-coated glass slides to screen calmodulin-and phospholipids-interacting proteins. They showed that an immobilization method using nickel-coated slides gave superior signals compared to those covalently attached to a glass plate functionalized with aldehyde-containing silane. NakajiHirabayashi et al., (2007) employed genetically fused Hisx6-tag to immobilize epidermal growth factor (EGF) onto a Ni 2+ -chelated glass-based substrate aiming at the development of a culture substrate for the efficient expansion of neural stem cells (NSCs). They concluded that the developed substrate provides an efficient method for the highly selective expansion of NSCs. Vallina-García et al., (2007) Most results shown above indicate that the Hisx6-tagging immobilization method seems to be effective for maintaining the function of proteins. However, the Hisx6-tagging method is sensitive to the pH of the solution and to some common buffer components such as imidazole, detergents, and so on (Zhang et al., 2005) . To solve this problem, Zhang et al., (2005) have recently developed a very intelligent method for controlled immobilization using the specific interaction of a parallel heterodimeric Leu pair (Fig. 1d) . Namely, they designed an artificial polypeptide that uses an elastin mimetic domain (ELF) as a surface anchor, a linker, and a Leu zipper (ZE). Because of its hydrophobic character, ELF showed a high affinity for a glass surface that had been spin-coated with hydrophobic OTS. In addition, a photoreactive nonnatural amino acid, p-azizophenylalanine, replaced the phenylalanine residue of ELF and covalently crosslinked ELF to the surface by UV irradiation. An acidic component of the Leu zipper pair, ZE, is a protein-capture domain of the designed polypeptide that shows a specific and high affinity, with a dissociation constant of 10 -15 M (Moll et al., 2001) , for the basic Leu zipper portion, ZR, which is fused to the Cterminus of the target protein.
Immobilization on Gold (Au) Surface
A specific binding of thiols to the Au surface can be used to immobilize proteins enabling various types of sensor probes to be used with SPR (surface plasmon resonance) and QCM (quartz crystal microbalance) (Rao et al., 1998) (Fig.  1c) . A simple strategy is to use a free and unique thiol group of Cys residues on protein molecules as a binder to link them to the Au surface. Because of its simplicity, a number of researchers used a specific Cys-Au interaction for the immobilization of various proteins. For example, F(ab') fragments, which are prepared through pepsin cleavage of IgG followed by chemical reduction, have a free thiol group of Cys residue apart from the antigen-binding site (Brogan et al., 2003; Rao et al., 1998) . Thus, direct immobilization of the antibody fragment to the Au surface can be achieved through chemisorption at the Cys residue to produce a surface with oriented antibody fragments. Brogan et al., (2003) showed that immobilization of F(ab') fragments of rabbit anti-calf alkaline phosphatase IgG on the Au surface gave a higher antigenbinding efficiency than the immobilization of the corresponding F(ab') fragments having no free thiol. VikholmLundin and Albers (2006) also showed that immobilization of F(ab') fragments onto an Au plate increased SPR response five-fold compared to that of a F(ab') 2 -fragment immobilized slide. Staphylococcal protein A can interact with IgG sitespecifically at its Fc region distant from the antigen binding sites. Therefore, the use of protein A would lead to oriented immobilization of antibodies. Kanno et al., (2000) prepared a genetically engineered protein, B5C1, which had 5 repeated B-domains (one of IgG-binding domains of protein A) with a Cys residue at the C-terminus, which retained the same IgG-binding activity as the native protein A. B5C1 bounded to the Au plate by specific binding via a thiol group of its terminal Cys residue and showed a much higher IgG-binding activity than that of the physically adsorbed B5, which lacked a Cys residue. Furthermore, an antigen-binding activity of the antibody molecules, which was immobilized by using B5C1 assembled on the Au surface, was about 4.3 times higher than that of physically adsorbed antibody molecules. Lee, K.B. et al., (2002) constructed protein nanoarrays with 100-350-nanometer features using a dip-pen nanolithography, in which 16-mercaptohexanedecanoic acid (MHA), having a high affinity to proteins at its fatty acyl moiety, was bound on the Au thin-film substrate. The areas surrounding these features were passivated with 11-mercaptundecyltri(ethylene glycol) to protect non-specific adsorption of proteins. Furthermore, Lee, S.W. et al., (2006) showed that the arrays of antibodies prepared by a similar dip-pen nanolithography retained their binding function. The introduction of a single foreign Cys residue, either by site-directed mutagenesis (Rao et al., 1998) or by the use of transpeptidase Y (You et al., 1995) followed by attachment to the Au surface, would be useful to the site-directed immobilization of proteins.
Light-assisted immobilization is a recently developed technique that could allow oriented immobilization of proteins through thiol groups. The technique relies on specific reduction of disulphide bridges that are in close proximity to aromatic amino acid residues in the protein structure by irradiating ultraviolet light in the 270-300 nm range. Snabe et al., (2006) immobilized a major histocompatibility complex (MHC class I) to a sensor surface using the light-assisted immobilization method and verified the functionality and accessibility of the peptide/T cell-binding site in the immobilized MHC class I. Hodneland et al., (2002) proposed a site-directed covalent immobilization method using cutinase, which forms a site-specific covalent adduct with phosphonate ligands. Namely, the target proteins fused with cutinase are captured onto SAMs of alkanethiolates coated on a gold surface through a displacement reaction that covalently binds the ligands to the enzyme active site. In this method, the tri(ethylene glycol) groups that do not present capture ligands prevent nonspecific protein adsorption to the monolayer. Kindermann et al., (2003) reported site-directed covalent immobilization using a mutant of the DNA repair protein O6-alkylguanine-DNA alkyltransferase (hAGT). However, it was noted that the fusion tags on both the above strategies are bulky, and thus may affect the biological properties of the fused proteins (Girish et al., 2006) . Although most of the work shown above indicates that conformational change and unfavorable orientation upon immobilization would be reduced by immobilizing proteins via a thiol group of the Cys residue, the method is limited either to the Au surface or to the surface coated with Au.
Covalent Binding of Protein to the Glass Plate Modified with Bifunctional Silane Coupling Reagents
Bifunctional silane coupling reagents are usually used to form a chemical bond with the side functional group of the amino acid residue of the protein at one end and with the glass surface at the opposite end (Fig. 1d) . For example, using an aldehyde-containing silane reagent, a Schiff's base linkage is formed between the -amino groups of the Lys residues of the protein or its N-terminus -amino group and the aldehyde groups to couple the protein on the glass surface. MacBeath and Schreiber (2000) fabricated a protein microarray using a high-precision contact-printing robot, in which proteins contained in nanoliter volumes of solution were immobilized to the glass slide with bifunctional silane coupling reagents. The surface coupled with proteins was then blocked with BSA to reduce nonspecific binding of other proteins. In some cases, they used BSA-NHS (BSA-Nhydroxysuccinimide) slides that were fabricated by first forming a BSA molecular layer on the surface of the glass slides followed by activation with N, N'-disuccinimidyl carbonate, which reacts with the surface amine groups on the printed proteins to form either a covalent urea or amide linkage. They showed that the proteins attached covalently to the slide surface and retained their ability to interact specifically either with target proteins or small molecules. Zhu et al., (2000) reported protein chips for conducting high-throughput biochemical assays of 119 yeast protein kinases. The chips consist of an array of microwells in a disposal silicone elastomer, poly(dimethylsiloxane) (PDMA)-the most widely used silicone-based organic polymer, followed by treatment with a silane coupling reagent, 3-glycidoxypropyltrimethoxysilane (GPTS), to covalently immobilize the kinases.
Transglutaminase (TGase) Mediated Immobilization
TGase that catalyzes the acyl transfer reaction betweenamino groups of the Lys residues, either on the protein or at its N-terminus -amino group, and the -carboxyamide group of the Gln residue in the peptide can be used for immobilization (Fig. 1d) . Tominaga et al., (2004) immobilized alkaline phosphatase (AP) fused with K6 peptide (MKH-KGS) to the surface of casein-grafted polyacrylic resins, by the action of TGase. The immobilized AP prepared using TGase showed a specific activity approximately 8 times that prepared by chemical modification. Sugiyama et al., (2007) immobilized GST and single-chain fragment antibody (scFv), both of which were genetically fused with T26 peptide (HQSYVDPWMLDH), to Sepharose gels chemically modified with primary amine groups, using TGase. The GST and scFv immobilized using TGase showed a much higher level of biological activity than those chemically immobilized.
Streptavidin-Mediated Immobilization
Streptavidin, a homotetramer protein, exhibits a specific and extraordinarily high interaction with biotin. The strong and specific streptavidin-biotin bond can be used to immobilize proteins onto a solid support (Fig. 1e) . However, it would usually be difficult to control its binding site on the protein molecule since biotinylation is carried out chemically. Hence, to apply the biotin-streptavidin system to controlled immobilization, site-directed biotinylation of proteins is required. Some researchers have proposed methods for site-directed biotinylation. Peluso et al., (2003) showed that antibodies with carbohydrate moieties that were sitespecifically biotinylated had a higher antigen-binding ability than those that were randomly biotinylated. Cho et al., (2007) achieved selective biotinylation of sulfhydryl groups at the hinge region of either the IgG or the F(ab') 2 fragment by using a sulfhydryl reactive maleimide-activated biotin derivative, 1-biotinamido-4-(4'-[maleimidoethylcyclohexane]-carboxamido)butane. They immobilized the biotinylated IgG and F(ab') 2 to a streptavidin-coated microtiter plate to confirm their enhanced detection capabilities in sandwichtype immunoassays compared to the conventional method based on random biotinylation of the antibody. Klueh et al., (2003) immobilized fibronectin (FN) site-specifically on a streptavidin-coated polystyrene plate via a biotinylated, bacterial-related peptide that shows a specific affinity to FN.
The intein-mediated approach can site-specifically biotinylate the protein at its C-terminus, and therefore, the resulting proteins are suitable for protein microarray generation (Lue et al., 2004; Girish et al., 2006) .
Instead of biotin, streptag that shows a specific affinity to streptavidin is sometimes used for the immobilization of proteins. Zhang and Gass (2001) succeeded site-directed immobilization of alkaline phosphatase linked with streptag containing a flexible linker, on the streptavidin-coated polystyrene surface. Similarly, Li et al., (2006) developed a reversible and site-directed immobilization method of proteins on a streptavidin-coated SPR biosensor chip, using streptavidin affinity tags, i.e., nano-tag and streptavidin-binding peptide (SBP tag) instead of biotin. Stamou et al., (2003) immobilized site-selectively intact vesicles on a glass surface, in which biotynylated BSA (BSA-biot) was attached on a glass surface in a defined pattern by use of microcontact printing, then streptavidin was bound to the printed BSA-biot, and finally, biotynylated lipids mediated the specific immobilization of vesicles.
In all the experiments shown above, the surface was coated with strptavidin or biotinylated protein by physical adsorption. Therefore, some problems may remain with respect to orientation control of strptavidin or biotinylated protein in its adsorbed state.
FLAG-tag-Mediated Immobilization
A FLAG (DYKDDDDK) tag, for which a tagging vector is commercially available, is sometimes used for the controlled immobilization of proteins on a solid surface (Fig.  1f) . For example, Wang et al., (2001) immobilized subtilisin genetically fused with FLAG onto the nonporous polystyrene and silica beads coated with protein A and conjugated with anti-FLAG monoclonal antibody: Protein A binds specifically with the Fc region of immunoglobulins. They showed that immobilization using immunoaffinity of FLAG results in a higher subtilisin activity than random immobilization using glutaraldehyde. Here, it would be requisite that Protein A is immobilized in a site-directed manner so as to capture the Fc region of the monoclonal antibody.
Immobilization Using Glutathione and Glutathions Stransferase (GST)
GST is known to show a high affinity for glutathione and the specific interaction between GST and glutathione is usually used for purification of proteins that are fused with GST. In immobilization using the GST-glutathione interaction, glutathione is first covalently bound to an appropriate protein layer that is pre-coated on the surface followed by immobilization of the target protein fused with GST (Fig. 1g) . The protein is usually coated on the hydrophobic polystyrene plate by physical adsorption or it is covalently bound to a glass plate, as shown previously. Murray et al., (1998) coated hemoglobin or casein on a microtitre plate followed by covalent coupling of glutathione to its Lys residues using sulfosuccinimidyl 4-[p-maleimidophenyl]butyrate (SSMBP) as a heterobifunctional crosslinker, then allowing the attached glutathione to interact with the GST-containing recombinant proteins. Coating the surface with hemoglobin or casein could repress non-specific binding of other proteins. On the other hand, Sehr et al., (2001) coupled glutathione to casein molecules before binding to the plate and application to ELISA.
Detection of Interaction Using Atomic Force Microscopy (AFM)
AFM was originally developed as a tool for providing the detailed shape information of the sample surface by tracing with a probe tip (Binning et al., 1986) . However, recently, AFM has begun to be applied to detect the interaction between individual biomolecular pairs (Hinterdorfer and Dufrêne, 2006) , such as ligand-protein (Florin et al., 1994; Lee et al., 1994) , antigen-antibody (Hinterdorfer et al., 1996 (Hinterdorfer et al., , 1998 Harada et al., 2000) , chaperon-protein (Sekiguchi et al., 2003) , and protein-cell (Benoit et al., 2000) as an alternative method to SPR and QCM. The AFM system is composed of a cantilever, the tip, and a sample stage with an optical deflection system and could measure piconewtons of interaction force. The individual biomolecular pairs as mentioned above are respectively immobilized on the cantilever tip and sample stage followed by measuring the unbinding force between the modified surfaces. Therefore, the binding force of protein or ligand to the surfaces of the probe tip and sample stage should be much stronger than the interac- In the Hisx6-tagmediated immobilization, proteins are fused with Hisx6 as an affinity tag while in the immobilization on the Au surface, not only foreign Cys residues genetically introduced but also those contained in the wild proteins are used as a functional group. (d): immobilization using the silane coupling method, transglutaminase-mediated immobilization, and immobilization using coiled coil interaction. In the silane-coupling method, amino groups in the wild proteins are usually used as a functional group. While in the other two methods, the proteins are fused with a corresponding peptide as an affinity tag. (e-g): respectively, the streptavidin-mediated immobilization method, FLAG-tag-mediated immobilization, and glutathione/GST-mediated immobilization; In all, proteins are fused with an appropriate affinity tag. The method using a PSaffinity peptide is schematically shown in Fig. (3) . tion force between the biomolecular pairs (Hinterdorfer and Dufrêne, 2006) . In previous studies, proteins or polypeptides were usually immobilized either on the Au surface via thiol groups (Bustanji et al., 2003; Harada et al., 2000; Touhami et al., 2003; Kamper et al., 2007) or on the functionalized Si (oxide) surface by the silane coupling method (Hinterdorfer et al., 1996; Hinterdorfer et al., 1998; Hinterdorfer and Dufrêne, 2006) . Kamper et al., (2007) measured the interaction force between carbonic anhydrase and its inhibitor (sulfonateamide) by immobilizing protein on the Au surface via thiol groups. Some researchers has recently fused genetically the Hisx6-tag to C-or N-terminus of protein to bind to the gold AFM tip surface coated with Ni-NTA-terminated alkanethiols to control orientation and to retain conformation of the protein in the adsorbed state, although this method is sometimes limited to the analysis for weak interactions with a few tens piconewtons (Hinterdorfer and Dufrêne, 2006) . Berquand et al., (2005) immobilized single antilysozyme Fv fragments using Hisx6-tag for measurement of antigen binding forces. Lee, G. et al., (2006) immobilized 24 ankyrin repeats from human ankyrinB fused with the Hisx6-tag on the sample stage to measure its nanospring behavior.
SCREENING OF AFFINITY PEPTIDES AND CON-TROLLED IMMOBILIZATION
Either oligopeptides or polypeptides that show a high and specific affinity (affinity peptide) to surfaces could be used for the controlled immobilization of proteins, in which the affinity peptide is linked, either genetically as a tag to either the C-or the N-terminus of the protein or chemically to either the side amino or carboxylic groups by using either crosslinking or peptide-synthesis reagents. When either the N-or the C-terminus of the protein is away from the active, or functional site, the genetical approach would be suitable.
Although the immobilization methods of proteins using conventional affinity peptide tags such as Hisx6-tag and GST or specific functional groups seem to be effective for retaining biological functions in their adsorbed state, these methods may have some drawbacks. Namely, it is necessary to modify, or coat, the surface with appropriate substances that could specifically interact with the corresponding affinity peptide tag.
Here, several screening methods for affinity peptides are summarized followed by their application to controlled immobilization. Most of these are based on the random peptide library display system.
Screening Using Random Peptide Library Display Systems
The random peptide library display systems are roughly divided into filamentous phage display systems, cell-surface display systems, and cell-free display systems, as shown schematically in Fig. (2) (Matsumura et al., 2006) . Smith first reported a system that can display a variety of peptides on the surface of a filamentous phage (Smith, 1985) . The phage display system (Fig. 2a) has a library size of about 10 8 -10 9 (Baneyx and Schwartz, 2007) , and uses either the genome of a filamentous phage, such as M13, f1, and fd, or a phagemid vector with a helper phage. In this system, random peptides are usually displayed fused with the phage protein pIII or pVIII coat (Paschke et al., 2006; Rothe, 2006; Smith and Pluckthum, 1997) . In addition to the phage display system, cell surface display systems are proposed using E. coli and yeast (Daugherty, 2007) . In the E. coli display system (Fig. 2b) , random peptides are displayed either as insertional fusion peptides constrained in the solvent-exposed loop of thioredoxin, and inserted into the major flagellar protein FliC of fragella (Westerlund-Wikstrom, 2000) or as fusion proteins to either the N-or C-terminus of outer-membrane proteins such as OmpA, OmpX, and an autotransporter (Daugherty, 2007) , or as insertional fusions constrained in FimH of Type 1 fimbriae, which are surface organelles of E. coli (Kiargaard et al., 2000) . The library size for the E. coli flagellar system is similar to that of the phage display system. In the yeast display system (Boder and Wittrup, 1997) , random peptides are displayed as C-terminal fusions to the Aga2p mating adhesion receptor of Saccharomyces cerevisiae.
The cell-free display system, represented by the mRNA and ribosome display systems, utilizes in vitro protein synthesis, and is advantageous in its number of unique random sequences of as high as 10 13 -10 14 (Baneyx and Schwartz, 2007) . In the mRNA display system (Takahashi et al., 2003) , a library of double-stranded DNA sequences is first transcribed to generate mRNA (Fig. 2d) , which is then ligated to a puromycin oligonucleotide to program an in vitro translation reaction followed by cDNA synthesis. The resultant cDNA/mRNA-peptide fusion is in contact with the target of interest for screening (Takahashi et al., 2003) . On the other hand, in the ribosomal display system (Hanes and Pluckthun, 1997; Yan and Xu, 2006) (Fig. 2c) , random polypeptides are synthesized in vitro on ribosomes, and non-covalent ternary mRNA-ribosome-nascent polypeptide complexes are formed. In this system, dissociation of ribosomes from transcribed mRNA is suppressed by removing the stop codon from the DNA sequence. Although the ribosome and mRNA display systems could overcome the limited size of their random peptide library in the phage and cell surface display systems, more troublesome procedures are required. However, Tao and Zhu (2006) have recently developed a high-density peptide/protein chip construction method using either synthetic or in vitro-transcribed RNAs, in which the C-terminus of the nascent translated polypeptide is directly captured by biotinpuromycin oligos coated on a streptavidin-coated glass plate.
Among the display systems mentioned above, the phage display and E. coli flagellar display systems, both of which are commercially available (marketed as the Ph.D. M13 bacteriophage display from New England Biolabs, Ipswich, MA and as the FliTrx bacterial flagellar display from Invitrogen, Carlsbad, CA, respectively) are most widely utilized for the purpose of screening for affinity peptides specific to the surface of the solid substrate.
With use of the random peptide display system, multiple screening procedures, called biopanning, is usually carried out under such conditions that the effect of non-specific adsorption of wild-type phage or E. coli cells can be minimized. One round of a biopanning procedure consists of 4 steps of unit operation, incubation (contacting with the surface), washing, elution, and amplification. Multiple screening rounds are usually carried out. The peptides screened depend on various factors such as incubation and elution conditions (Baneyx and Schwartz, 2007) . Since filamentous phages are more stable than bacteria and yeast cells across a broad pH range, unphysiological conditions would be available during the screening process.
Multiple screening rounds will usually isolate a number of affinity peptides. Therefore, as shown later, further screening by appropriate methods such as measurement of biological activity of the proteins in their adsorbed state, analysis of the adsorption strength, and so on, is required to identify the most suitable affinity peptides.
The peptide library systems shown above are usually utilized for screening of peptides that specifically recognize various target molecules such as monoclonal antibodies, enzymes, membrane receptors, and other chemical substances. Recently, however, there have been an increasing number of reports on the isolation of affinity peptides to various solid materials-in particular, inorganic materials (Brown, 1997; Baneyx and Schwartz, 2007; Gaskin et al., 2000; Glawe et al., 2005; Lee, S.W. et al., 2002; Lee, S.W. et al., 2006; Lee et al., 2007; Naik et al., 2002a; Naik et al., 2002b; Sano and Shiba, 2002; Tamerler et al., 2006; Whaley et al., 2000; Zhu and Snyder, 2003) . Sarikaya et al., (2003) reviewed various isolated short peptide sequences that show a specific affinity to inorganics such as noble metals, semiconducting oxides, and so on. However, most of the affinity peptides screened thus far were intended for use in the assembly fabrication of functional nanostructures (Lee, S.W. et al., 2002; Naik et al., 2002a; Sarikaya et al., 2003; Whaley et al., 2000) , for enzyme immobilization , or as mediators for biomineralization (Glawe et al., 2005; Naik et al., 2002b; Naik et al., 2004; Sano et al., 2005; Stayton et al., 2003; ) , with the exception of a few cases aimed at the controlled immobilization of proteins. For example, Lee et al., (2007) reported that Protein G tagged with plural Cys residues could be directly immobilized on a bare Au surface as an active form while maintaining a high antibody-binding ability. Poly-Arg tags, which have been used to facilitate protein purification (Sassenfeld and Brewer, 1998) and as cellpenetrating vector peptides (Chico et al., 2003; Fuchs and Raines, 2005) , are sometimes applied for the controlled immobilization of proteins on negatively-charged glass slides, silica resins (Fuchs and Raines, 2005) and mica (Nock et al., 1997) , all of which retain their activities. However, the binding strength of poly-Arg tagged proteins to a silica surface would not be sufficiently high (Nock et al., 1997) . Tamerler et al., (2006) reported that streptavidin-conjugated quantum dots coupled with three repeat units of Aubinding peptide (GBP1) could more preferentially be directly introduced onto the Au surface of the QCM sensor chip than onto the Pt surface. On the other hand, as will be shown later, Sakiyama et al., (2004) and Kumada et al., (2006) isolated the affinity peptides specific to a polystyrene surface using the E. coli flagellar random peptide screening system, which they also used for controlled immobilization.
Screening on the Basis of the Amino Acid Sequences of Proteins
Some particular motifs and/or peptide sequences of proteins that preferentially interact with the specified surface could be used as the affinity peptide (Kröger et al., 1999; Stayton et al., 2003; Hwang et al., 2007; Taniguchi et al., 2007) . For example, Taniguchi et al., (2007) has recently isolated a domain of ribosomal protein L2, composed of the amino acid sequences of 1-60 and 203-273 from the supernatant of several cell lysates and showing a high affinity for the surface of silica, which was named Si-tag. They measured the binding affinity of Si-tag to the silica surface with a dissociation constant of 0.7 nM and succeeded in the controlled immobilization of green fluorescent protein (GFP). Figs. (a-d) are, respectively, filamentous phage display system, cell-surface display system including E. coli flagellar display system, mRNA display system, and ribosome display systems.
APPLICATION OF AFFINITY PEPTIDES TO CON-TROLLED IMMOBILIZATION OF PROTEINS
Affinity peptides to the specified bare surface screened by the random peptide display systems shown above could be used as a possible tag for the controlled immobilization of proteins and applied to proteome-related fields. Here, two applications from our recent works are discussed: immunoassay and protein-protein interaction analysis using an affinity peptide.
Screening for Polystyrene-Specific Affinity Peptides and their Characteristics
We screened peptides that show a high affinity for a polystyrene surface (PS affinity peptide) using 10 cycles of biopanning of the E. coli random peptide library system (first screening) . Table 2 shows a list of the PS affinity peptides obtained as a result of the first screening with their hydropathy indices (Kyte and Doolittle, 1982) . The peptides screened were genetically fused to the Cterminus of GST, a model protein. Using the tagged-GSTs, more suitable affinity peptides were further screened on the basis of their adsorptive characteristics, including the extent of competitive adsorption with coexisting proteins/blocking agents and the remaining enzymatic activity/orientation in the adsorbed state. Wild-type GST, as well as GSTs tagged with the PS affinity peptides, showed apparently irreversible adsorption equilibrium at pH 7.2 (data not shown), indicating a high affinity for the PS latex beads as the solid substrate. On the other hand, GSTs tagged with PS19 and PS23 (GST-PS19 and GST-PS23) showed much higher maximum adsorbed amounts than did the wild-type GST (data not shown). Furthermore, GST-PS19 and GST-PS23 showed remaining activities that were10-fold higher than the wildtype GST when adsorbed on the surface of the PS latex beads . These findings suggest that GST-PS19 and GST-PS23 adsorbed on the PS latex surface does not suffer from appreciable conformational change. As shown in Table 2 , PS19 and PS23 peptides are found to be hydrophilic judging from their hydropathy indices and contain plural basic amino acid (K and R) and aliphatic amino acid (A, L, and I) residues. It would be interesting that the number of basic amino acid residues existing at the Nterminal region is more than that at the C-terminal region particularly for PS19 peptide.
We used two kinds of PS plates, i.e., a hydrophobic PS plate (pho-PS plate) that is specially used for immunoassay and a hydrophilic PS plate (phi-PS plate) used for animal cell cultures, to obtain the additional information on the effect of hydrophobicity/hydrophilicity of the plate surface on the adsorption characteristics of GST-PS19 and GST-PS23 to apply to immunoassay and protein-protein interaction analysis. The adsorption levels of wild-type GST, GST-PS19, and GST-PS23 on the pho-PS plate were similar. On the other hand, on the phi-PS plate, the adsorption levels of GST-PS19 and GST-PS23 were sufficiently high while that of wild-type GST was very low . It was also found that on the phi-PS plate, GST-PS19 and GST-PS23 in particular tended to direct their N-terminal peptides towards the solution side, using an antibody specific to the N-terminal peptide region of GST. The adsorbed amount of GST-PS19 and GST-PS23 on the phi-PS plate was minimally affected by the presence of BSA, as opposed to that on the pho-PS plate (Kumada et al., 2007a) . Furthermore, GST-PS19 showed a sufficiently high resistance against surfactants and salts during the immobilization process on the phi-PS plate. Namely, the addition of 10% Tween-20 and 1 M NaCl reduced the immobilization yield only by 10-20% (data not shown).
The surface of commercially available PS plates used for animal cell cultures such as the phi-PS plate is usually hydrophilized by plasma irradiation. Teare et al., (2000) showed that the surface is oxidized to form the C-OR, R 2 C=O, and RO-C=O groups by the treatment with ultraviolet ozone although the RO-C=O group becomes the predominant species at longer exposure times. Such functional groups contribute to the surface polarity of the phi-PS plate as described above and would electrostatically interact with basic amino acid residues existing in the PS affinity peptides ( Table 2) . On the other hand, aliphatic amino acid residues in the PS affinity peptides such as Ala, Leu, and Ile would interact with the polystyrene main chain by hydrophobic interactions. In the case of PS19 and PS23 peptides, plural basic amino acid residues at their C-terminal region would be particularly concerned with the specific binding to the phi-PS plate. (Kumada et al., 2007b) and modified.
A summary for the different behaviors of the proteins linked with and without the affinity peptide on pho-PS and phi-PS plates in the presence of a blocking agent is schematically shown in Fig. (3) .
On the basis of the advantageous features for the use of the PS-affinity peptides, i.e., PS19 and PS23 combined with the phi-PS plate, we developed novel methods for one-step and two-step ELISAs and for protein-protein interaction analysis, as shown subsequently. We also demonstrated that proteins such as antibodies, antigens or streptavidin that were chemically conjugated with the KPS19R10 peptide (in which 10 Lys in PS19 is replaced with Arg and one Lys residue is added to the N-terminus as a coupling site) were also preferentially immobilized on the phi-PS plate and retained their biological activities (Kumada et al., 2007a; Kumada et al., 2007b) .
Development of a One-step ELISA Using a PS Affinity Peptide and Hydrophilic PS Plate
A conventional heterogeneous ELISA using a pho-PS plate involves a number of steps including immobilization, blocking, washing, and incubation before detection of an immune complex on the plate surface can be accomplished using an enzymatic reaction. This process usually requires a very long time ranging from several hours to several days. Furthermore, antibodies, antigens, and other proteins tend to suffer from conformational change when adsorbed on the pho-PS plate (Butler et al., 1993; Hollander and KatchalskiKatzir, 1986; Kumada et al., 2007b) , which is probably timedependent. In spite of its disadvantages mentioned above, the pho-PS plate is usually used in the conventional ELISA because the protein could be tightly attached onto the plate with sufficiently high density. On the other hand, proteins could be immobilized tightly on the phi-PS plate, maintaining their biological functions by tagging the target protein with the PS affinity peptides while coexisting proteins would hardly be adsorbed as described above. On the basis of these findings, we developed novel one-step and two-step ELISA techniques using the PS affinity peptide and the phi-PS plate. We examined various ELISA modes such as sandwich and competitive ELISAs using an antigen, an antibody, and streptavidin as a ligand protein (Kumada et al., 2007a) . Fig. (4) shows a conceptual scheme for a novel one-step sandwich ELISA (Kumada et al., 2007a) , in which the immune complex composed of PS affinity peptide-fused orconjugated antibody, analyte, and enzyme-conjugated antibody is formed in a blocking solution before immobilization on the phi-PS plate, and finally, the substrate for the enzymatic reaction is added to detect the color intensity of the solution. Alternatively, the enzyme-conjugated antibody could be added after immobilization of the immune complex composed of PS affinity peptide-fused or -conjugated antibody and analyte to the phi-PS plate (two-step ELISA). Since the number of the washing step during the one-step or two-step ELISA is less as compared to that during the conventional ELISA, a high signal intensity and sensitivity could be attained due to the reduced extent of the dissociation of analyte in addition to the retained conformation of the ligand protein in the adsorbed state. The sensitivity of the ELISA using the PS affinity peptide and the phi-PS plate was higher in most cases as compared to that of the conventional ELISA, and the required operation time could be reduced to 30 -60 min, or less.
Development of a Novel Protein-Protein Interaction Analysis Method
Protein-protein interaction analyses are considered to be one of the most important issues in proteome analysis. We applied the novel ELISA method using the affinity peptides, PS19 or KPS19R10 and the phi-PS plate shown above to detect the protein-protein interaction analysis (Kumada et al., 2007b) . An E. coli cysteine synthase complex formation was adopted as a model system, in which one molecule of hexameric serine acetyltransferase (SAT) interacts with two molecules of dimeric O-acetylserine sulfhydryrase-A (OASS) although its quaternary geometry is not known well (Kredich, 1996; Campanini et al., 2005; Zhao et al., 2006) . When the interaction between OASS and SAT was measured by the sandwich ELISA method using a pho-PS plate, the signal intensity was barely detectable due to the conforma- On the pho-PS plate, the ligand proteins are apt to be denatured with disordered orientation and their existence is interfered with to a larger extent by the presence of blocking agents such as BSA and/or coexisting proteins. On the phi-PS plate, on the other hand, the ligand proteins linked with the PSaffinity peptide tag ( ) could be site-specifically immobilized with controlled orientation and structure, without interference from the blocking agents and coexisting proteins. The affinity peptide to be used for the tag should be carefully selected on the basis of various experimental results (see the text for details).
tional change of a ligand protein, OASS in the adsorbed state. It was demonstrated that OASS lost its activity almost completely upon adsorption onto the pho-PS plate. However, OASS that is genetically fused with PS19 (OASS-PS19) or chemically conjugated with KPS19R10 (OASS-KPS19R10) retains its activity on the phi-PS plate to a great extent as shown in Table 3 . Wild-type OASS demonstrates minimal remaining activity on the phi-PS plate, the reason for which could be ascribed to a very low level of adsorption on the phi-PS plate. The relative remaining activity for OASS-KPS19R10 was lower than that for OASS-PS19 probably due to the effect of steric hindrance. We applied our novel method to detect the interaction between SAT with OASS. Fig. (5) shows the measurement of the interaction of biotinylated SAT with wild-type OASS, OASS-PS19, and OASS-KPS19R10 by a two-step sandwich ELISA using the phi-PS plate. Namely, an enzyme complex formed in a blocking solution containing wild-type OASS, OASS-PS19 or OASS-KPS-19R10, and biotynylated SAT was transferred to the wells of the phi-PS plate for immobilization, and finally HRP-conjugated streptavidin was added to detect the color intensity at 450 nm (Kumada et al. 2007b) . As shown in Fig.  (5) , the signal intensity detected by the two-step ELISA using OASS-PS19 or OASS-KPS19R10 as a ligand protein is higher to a greater extent with a substantial reduction in operation as compared to that detected by a conventional Fig. (4) . A Conceptual Scheme of a Novel One-Step ELISA Using a Hydrophilic Polystyrene Plate (Phi-PS Plate) and a PS-affinity Peptide-Linked Antibody. PS-affinity peptide tag-linked antibody, analyte, BSA as a blocking agent, and enzyme-labeled antibody are first mixed altogether in a separate well of the PVC plate (1). The PS-tag-linked antibody, analyte, and enzyme-labeled antibody are allowed to form an immune complex (2), followed by transfer into a well of the phi-PS plate (3). Then, the substrate solution for enzymatic reaction is added to detect the color intensity after washing (4). (Kumada et al., 2007b) . b The OASS activity was hardly detected.
ELISA using the pho-PS plate (data not shown). The signal intensity detected using wild-type OASS as a ligand protein is extremely low because of a very low level of adsorption on the phi-PS plate as mentioned above. It should be noted that the signal intensity detected using OASS-KPS19R10 as a ligand protein is higher than that using OASS-PS19 as shown in Fig. (5) although the relative remaining activity for the former is lower than the latter ( Table 3) . The protein complex of SAT and OASS formed in a solution would be attached on the phi-PS plate together with the HRP-conjugated streptavidin in such a manner as to avoid the steric hindrance and OASS-KPS19R10 would be advantageous with respect to the reduced extent of the steric hindrance of the complex as compared to OASS-PS19.
The application of these novel protein-protein interaction analytical methods for proteome analysis seems logical although for global proteome analysis, a suitable method to spot a number of proteins in a high density should be developed.
CONCLUDING REMARKS
After the human genome project was completed, the focus of biological research has shifted from the identification/analyses of genes to proteome analyses. In the microplates or microarray-based proteome analysis, development of a simple and general controlled immobilization method for proteins onto the solid substrates is of crucial importance. A number of studies so far reported indicated that there are at least three important factors in the development of a controlled immobilization method: 1) protection of nonspecific adsorption of coexisting proteins on the solid substrate; 2) orientation control of the proteins being immobilized; and, 3) conformation retention of the proteins being immobilized. For fabrication of the microarray for global proteome analysis, it is also important to have the ability to attach a number of proteins in high density in a very small area. As mentioned, a number of immobilization methods for proteins have been proposed to date, some of which have achieved great success. We, in particular, showed that the orientation control and conformation retention of the immobilized protein could be attained without any surface modification by tagging the ligand protein with the appropriate affinity peptide specific to the particular surface. For further advancement of the controlled immobilization, however, development of a site-directed fusing method of the affinity peptide to the protein would be required on the basis of its 3D structure.
ABBREVIATIONS

AFM
= Atomic force microscope Arg, Cys, Gln, Leu, Lys = Arginine, Cysteine, Glutamine, Leucine, Lysine Au, Pt = Gold, Platinum BSA = Bovine serum albumin 
